Abstract. the MaPK pathway is one of the most important pathways for novel anticancer drug development. We performed high-throughput screening for compounds that induce expression of p15 inK4b , and identified jtP-74057 (gSK1120212), which is being evaluated in ongoing phase i, ii and iii clinical trials. We characterized its antitumor activities in vitro and in vivo. jtP-74057 strongly inhibited MeK1/2 kinase activities, but did not inhibit another 98 kinase activities. treatment by jtP-74057 resulted in growth inhibition accompanied with upregulation of p15 inK4b and/or p27 KiP1 in most of the colorectal cancer cell lines tested. Daily oral administration of jtP-74057 for 14 days suppressed tumor growth of Ht-29 and colo205 xenografts in nude mice. notably, tumor regression was observed only in colo205 xenografts, and colo205 was much more sensitive to jtP-74057-induced apoptosis than Ht-29 in vitro. treatment with an akt inhibitor enhanced the jtP-74057-induced apoptosis in Ht-29 cells. finally, jtP-74057 exhibited an additive or a synergistic effect in combination with the standard-of-care agents, 5-fluorouracil, oxaliplatin or SN-38. JTP-74057, a highly specific and potent MeK1/2 inhibitor, exerts favorable antitumor activities in vitro and in vivo. Sensitivity to jtP-74057-induced apoptosis may be an important factor for the estimation of in vivo efficacy, and sensitivity was enhanced by an akt inhibitor. these results suggest the usefulness of jtP-74057 in therapeutic applications for colorectal cancer patients.
Introduction
the MaPK pathway is a central signal transduction pathway of cell proliferation and survival (1, 2) . Various growth factors bind to their receptor tyrosine kinases on the cell surface and induce dimerization and autophosphorylation of the receptors followed by association of adaptor proteins. Subsequently, the guanine nucleotide exchange factor Sos activates ras by catalyzing the replacement of gDP with gtP. gtP-bound ras then recruits the serine/threonine kinase raf (a-raf, B-raf or c-raf) to the plasma membrane where it becomes activated, resulting in phosphorylation of MeK1/2 by the raf kinase. Activated MEK1/2 in turn phosphorylate ERK1/2 at specific threonine and tyrosine residues. the phosphorylated erK1/2 phosphorylate and activate a variety of substrates, such as p90 rSK1 . also, erK1/2 themselves can translocate to the nucleus and induce transcription of genes for cell proliferation and survival. in human malignant tumors, the raf-MeK-erK pathway is often hyperactivated through aberrant activation of the receptor tyrosine kinases or gain-of-function mutations in the ras or B-raf gene (1) . one of the ras gene family proteins, K-ras, is reported to be mutated in 90% of pancreatic cancers, 45% of colorectal cancers and 35% of non-small cell lung cancers (3, 4) . B-Raf mutations have been identified in 66% of melanomas, 12% of colorectal cancers and 35-70% of papillary thyroid cancers (5) (6) (7) (8) (9) . the overexpression and/or mutation of epidermal growth factor (egf) receptor (egfr), erbB2, platelet-derived growth factor receptor and other growth factor receptors have also been observed in many types of cancers (10, 11) . thus, a component of the raf-MeK-erK pathway has been considered as an attractive target for a novel approach to chemotherapy. ci-1040 (also called PD184352) was the first MeK1/2 inhibitor evaluated in clinical trials (12, 13) , although its clinical development was discontinued due to insufficient efficacy. The second generation MEK1/2 inhibitors, PD0325901 and AZD6244 (ARRY-142886), which have shown better efficacy than CI-1040 in preclinical models, have also been tested in clinical trials (1, 2, 14, 15) .
Based on our original screening strategy for moleculartargeting agents, we initiated a high-throughput screening for compounds that induce expression of cyclin-dependent kinase (cDK) inhibitors, such as p15 inK4b , p21
Waf1 or p27 KiP1 . notably, , an endogenous inhibitory protein of CDK4/6, and found a pyridoprymidine derivative jtP-70902 (21) . Subsequent analysis revealed that jtP-70902 is a novel MEK1/2 inhibitor, which has comparable efficacy to AZD6244 (14, 21) . Through the further efforts of medicinal chemistry, we discovered jtP-74057 [its dimethyl sulfoxide (DMSo)-solvate form is also called gSK1120212], which has the highest MeK1/2 inhibitory activity within the series. jtP-74057 showed much more potent antitumor activity than the second generation MeK inhibitors, such as PD0325901 or AZD6244, in vivo and is being evaluated in phase iii clinical trial in melanoma patients with B-raf mutations. Here, we report the biological profile of JTP-74057 and discuss its antitumor effects on human colorectal cancer cell lines in vitro and in vivo.
Materials and methods

Chemicals and reagents. jtP-74057, N-{3-[3-cyclopropyl-
acetamide and Sn-38 were synthesized at japan tobacco inc. (osaka, japan). aPi-2 was purchased from calbiochem (Darmstadt, germany). 5-fluorouracil (5-fu) and oxaliplatin were purchased from Wako Pure chemical industries (osaka, japan) or enzo life Sciences (farmingdale, ny), respectively. a vehicle of 0.1% DMSo was used for test compounds in vitro. antibodies against p15 inK4b , p27
KiP1 and α-tubulin were purchased from Santa cruz Biotechnology (Santa cruz, ca). antibodies for erK1/2, phospho-erK1/2 and the apoptosis sampler kit, which contains antibodies for the cleaved/ non-cleaved form of caspase-3/7/9 and ParP, were from cell Signaling technology (Danvers, Ma). HrP-labeled secondary antibodies and the ecl Western blot detection reagent were purchased from ge Healthcare Bio-Science (Piscataway, nj). recombinant kinases of MeK1 (inactive), MeK2 (inactive), erK2 (inactive), c-raf (truncated form, active) and B-raf (V599e, active) were obtained from Millipore (Billerica, Ma).
Protein kinase assays. a raf-MeK-erK cascade kinase assay was carried out as previously described (21) . Briefly, nonphosphorylated myelin basic protein, (MBP) (Millipore) was coated onto an eliSa plate, and the active form of B-raf/c-raf was mixed with unphosphorylated MeK1/MeK2 and erK2 in 10 µM atP and 12.5 mM Mgcl 2 containing MoPS buffer in the presence of various concentrations of jtP-74057. the phosphorylation of MBP was detected by the anti-phospho-MBP antibody. Kinase inhibitory activities against a total of 99 kinases were tested by Millipore's kinase profiler at 10 µM ATP.
Cell cultures and growth inhibition assays. Human colorectal cancer cell lines, HT-29, HCT-15, HCT116, COLO205, LS-174T, SW480, SW620 and T84, were obtained from American Type culture collection (Manassas, Va). loVo and colo320 DM were from Health Science research resources Bank (osaka, japan). these cells were maintained in media recommended by the providers. exponentially growing cells were precultured in 96-well tissue culture plates for 24 h and then exposed to jtP-74057. cell growth was determined by an in vitro toxicology assay kit, sulforhodamine B based (Sigma-aldrich, St. louis, Mo). for combination studies, two compounds were simultaneously added to the Ht-29 cells and incubated for 72 h. in the presence of various concentrations of compound a, the 50% inhibitory concentration (ic 50 ) values of compound B were determined. Then, the fixed concentration of compound A versus the ic 50 value of compound B was plotted. conversely, the ic 50 values of compound a were determined in the presence of various concentrations of compound B and plotted.
Western blot analysis. Western blot analysis of the cell lysates was carried out according to a standard method. Peroxidasebased chemiluminescence was developed by addition of ecl, and the bands were detected using an laS 3000 image analyzer (fuji film, tokyo, japan).
Apoptosis assay. cells were treated with various concentrations of JTP-74057 in 100-mm dishes for 3 or 4 days. Both floating and adherent cells were collected and fixed with 70% ethanol. after washing with PBS, the cells were suspended in 100 µl/ml RNase and 25 µl/ml propidium iodide (PI) and incubated at 37˚C for 30 min in the dark. the Dna content of each single cell was determined using the flow cytometer Cytomics FC500 (Beckman coulter, Brea, ca) or guava easycyte plus (Millipore).
Nude mouse xenograft model. female BalB/c-nu/nu mice obtained from charles river japan (astugi, japan) were used. on day 0, Ht-29 cells or colo205 cells suspended in ice-cold HBSS (-) were inoculated subcutaneously into the right flank of the mice at 5x10 6 cells/100 µl/site or 1x10 6 cells/100 µl/site, respectively. the acetic acid-solvated form of jtP-74057 was dissolved in 10% cremophor el-10% Peg400 and was administered orally once daily for 14 days from the day when the mean tumor volume reached 100 mm 3 . the tumor length [l (mm)] and width [W (mm)] were measured using a microgauge twice a week after commencement of dosing, and the tumor volume was calculated using the following formula: tumor volume (mm 3 ) = l x W x W/2. all procedures relating to the use of animals in this study were reviewed and approved by the institutional animal care and use committee of japan tobacco.
Statistical analysis. the data were expressed as means ± SD from the indicated number of samples. Multiple comparisons were assessed by one-way anoVa followed by Dunnett's test (Statlight, yukms, tokyo, japan) and two-sample comparisons were assessed by the Student's t-test. Differences were considered as significant at p<0.05.
Results
JTP-74057 is a potent and highly specific MEK1/2 inhibitor.
the inhibitory activity of jtP-74057 against MeK1/2 was tested using the raf-MeK-erK cascade kinase assay using recombinant proteins. jtP-74057 inhibited the phosphorylation of MBP regardless of the isotype of raf and MeK, with ic 50 values ranging from 0.92 to 3.4 nM (table ia), which indicates jtP-74057 has 3-to 30-fold stronger activity than that of its parent compound jtP-70902 (21) . jtP-74057 demonstrated no inhibition of the kinase activities of c-raf, B-raf, erK1 and erK2 (table iB and data not shown), suggesting that jtP-74057 inhibits the raf-MeK-erK cascade reaction by inhibiting MeK1/2 activity. in addition, jtP-74057 did not show drastic inhibitory activity against the other 98 kinases examined (table iB) . the data are consistent with the finding that JTP-74057 directly binds to MEK1/2 by compound-immobilized affinity chromatography (data not shown). together, these results indicate that jtP-74057 is a highly specific MEK1/2 inhibitor.
Anti-proliferative effect of JTP-74057 on 10 human colorectal cancer cell lines. next, we examined the anti-proliferative effects of jtP-74057 using 10 human colorectal cancer cell lines. jtP-74057 inhibited the growth of 9 out of 10 cell lines (table ii) . Ht-29 and colo205 cells, which are known to have a constitutively active B-raf mutant, were most sensitive to jtP-74057, showing subnanomolar ic 50 values. the cell lines bearing a K-ras mutation showed a wide range of sensitivity to jtP-74057. in contrast, colo320 DM cells, bearing the wild-type gene in both B-raf and K-ras, were found to be resistant to jtP-74057 even at 10,000 nM. Similar results were reported regarding the other MeK inhibitors, PD0325901 and AZD6244 (15, 22 KiP1 is a prerequisite for growth inhibition of MeK inhibitors. We also tested the phophorylation level of erK1/2 by Western blotting. constitutive erK phosphorylation was detected in all the cell lines except for colo320 DM, and it was inhibited by jtP-74057 ( fig. 1) . these results suggest that growth inhibitory activity of jtP-74057 is strongly dependent on the MeK-erK pathway in tumor cells.
Oral dosing of JTP-74057 resulted in tumor growth inhibition
in a nude mouse xenograft model. jtP-74057 was evaluated in mice for antitumor activity against Ht-29 xenografts. Ht-29 cells were inoculated into nude mice, and jtP-74057 was orally administered once daily for 14 days. Both 0.3 mg/ kg and 1 mg/kg of jtP-74057 were effective in inhibiting the Ht-29 xenograft growth, and 1 mg/kg of jtP-74057 blocked the tumor increase almost completely ( Fig. 2A) . Neither significant changes in body weight nor gross lesions at autopsy were observed in the mice treated with 1 mg/kg of jtP-74057. We fig. 3a , on day 1, the g 1 peak was elevated compared to that on day 0 at all concentrations of jtP-74057 in both cell lines, indicating the cell cycles were arrested in g 1 . thereafter, the g 1 peak decreased in the Ht-29 cells exposed to 100 nM jtP-74057 and in colo205 cells exposed to 10 nM jtP-74057, and this was associated with the appearance of the sub-g 1 fraction to the left of the peak of g 1 . these results suggest that jtP-74057 induces apoptosis both in Ht-29 and colo205 cells, but that colo205 cells are more sensitive to jtP-74057 than Ht-29 cells in terms of apoptosis induction. concomitant with the appearance of the sub-g 1 fraction, treatment with 10 nM of jtP-74057 gradually activated caspases only in colo205 cells, which was confirmed by Western blotting against the cleaved forms of caspase-3, -7, -9 and ParP ( fig. 3B ). the cleavage of caspase-3, -7, -9 and ParP was observed only at 100 nM of jtP-74057 in Ht-29 cells (data not shown). Since it has been recently reported that the Pi3K-akt pathway suppresses MeK inhibitor-induced apoptosis (23-25), we then performed the combination treatment of 10 nM of jtP-74057, which did not induce apoptosis, and akt inhibitor, aPi-2, in Ht-29 cells. as shown in Fig. 3C , API-2 significantly enhanced apoptosis in Ht-29 cells treated with jtP-74057 as expected.
Combination effect of JTP-74057 and standard-of-care agents on the growth inhibition in HT-29 cells.
finally, the combination effects of jtP-74057 with standard-of-care agents for colorectal cancer, 5-fu, oxaliplatin and Sn-38 (the active metabolite of irinotecan) were investigated in vitro using the isobologram method as described in Materials and methods. jtP-74057 showed an additive effect in combination with 5-fu or oxaliplatin, and a synergistic effect in combination with Sn-38 ( fig. 4a-c) . the ic 50 values of Sn-38 added with oxaliplatin were plotted below the line connecting the ic 50 values in mono-treatment, showing synergism ( fig. 4D ).
The data are consistent with a previous report (26) . Likewise, the effect of Sn-38 treatment in combination with vincristine demonstrated antagonism in terms of the isobologram ( fig. 4e ), consistent with a previous report (27) .
Discussion
the MeK-erK pathway regulates the expression of various cell cycle-related proteins. MeK inihibitors induce cDK inhibitors (cKis), p15 inK4b and p27
KiP1
, and downregulate cyclin D1, cyclin e and cyclin a, which in turn leads to reactivation of retinoblastoma gene (rB) protein and repression of a number of cell cycle-promoting molecules, so that finally the cell cycle is arrested at the g 1 phase (15, 21, (28) (29) (30) . in the present study, we utilized a panel of 10 human colorectal cancer cell lines and investigated the relationship between cKi induction and growth inhibition by the MeK inhibitor, jtP-74057. jtP-74057 inhibited cell proliferation of all the cell lines except for colo320 DM cells, and either p15 inK4b or p27 KiP1 , or both, were upregulated after the treatment in these sensitive cell lines. on the other hand, neither p15 inK4b nor p27
KiP1 was induced by jtP-74057 in colo320 DM cells. in contrast, we previously demonstrated that p15 inK4b (-/-) mouse embryonic fibroblasts (Mefs) were more resistant to the growth-inhibitory effect of the MeK inhibitor jtP-70902 than wild-type Mefs (21) . taken together, these results suggest that p15 inK4b and p27 KiP1 at least partially play roles in cell cycle arrest by a MeK inhibitor.
However, the relative importance of these events in growth arrest may vary in each cell line. for instance, there are two conflicting reports regarding the necessity of p27
KiP1 induction in the cell cycle arrest by MEK inhibitor U0126. It was indispensable in pancreatic cell lines (29) , but not in colorectal cancer cell lines (30) . We therefore hypothesized that other factors such as induction of apoptosis may be involved in the growth suppression by MeK inhibitors.
We next performed an in vivo study and found that jtP-74057 exerted excellent efficacy both in Ht-29 and colo205 xenograft models. as shown in fig. 2B , colo205 tumors were almost completely diminished by daily oral administration with jtP-74057 at a dose of 1 mg/kg/day. This efficacy was superior to those of the second generation MEK inhibitors, as PD0325901 or AZD6244 induced the tumor regression at 25 or 50 mg/kg/day in the colo205 figure 4. combination effect of jtP-74057 with clinically used chemotherapeutic agents. two compounds were simultaneously added to Ht-29 cells. Seventy-two hours after treatment, the viable cell number was analyzed by Sulforhodamine B assay. in the presence of various concentrations of the first compound, the IC 50 values of the second compound were determined. The concentrations of the first compound and the IC 50 values of the second compound were plotted. the line connecting the ic 50 values in monotreatment (y-intercept and x-intercept) was compared with the ic 50 plots in the combination treatment to evaluate the effect as follows: additive effect, the plot in combination treatment is on the line; synergistic effect, the plot in combination treatment is below the line; antagonism, the plot in combination treatment is above the line. xenograft model, respectively (15, 22) . tumor regression by jtP-74057 was observed in the colo205 tumors, but not in the Ht-29 tumors, despite comparable ic 50 values observed in the in vitro assay. as there was no substantial difference in the engraftment rates or the doubling time between the two cell lines, it is not likely that host defense against these cell lines is different. By further analysis in vitro, we found that the colo205 cells were much more sensitive to jtP-74057-induced apoptosis than the Ht-29 cells. this may be one of the major reasons why jtP-74057 achieved tumor regression only in the colo205 xenograft model.
Many proteins involved in apoptosis are regulated by the MeK-erK pathway (2) . indeed, MeK inhibition by jtP-74057 resulted in caspase-dependent apoptosis. Many types of cancer cells acquire resistence to apoptosis by activating several signal transduction pathways such as the nuclear factor (nf)-κB pathway, the MeK-erK pathway or the Pi3K-akt pathway. Mutation of PiK3ca or Pten is frequently observed in colorectal cancers (31, 32) . it has been reported that sensitivity to the anti-proliferative effect of AZD6244 was rescued in the resistant cell lines co115 and DlD-1 when the cells were treated with Pi3K inhibitor ly294002 (28) . Ht-29 cells, but not colo205 cells, were reported to have a mutation in PiK3ca, suggesting that mutation status in the Pi3K pathway may be a possible factor in acquiring resistance to apoptosis. in addition, a recent study demonstrated that gSK1120212 (jtP-74057 DMSo solvate) tends to show cytostatic effects rather than cytotoxic effects in cell lines harboring Pi3K or Pten mutations compared to those of Pi3K/Pten wildtype cells (33) . these reports are consistent with the results shown in fig. 3c , which indicate that the akt inhibitor aPi-2 significantly enhanced apoptosis in HT-29 cells treated with jtP-74057. importantly, gSK1120212 (jtP-74057 DMSo solvate) is being evaluated in a phase i clinical trial in combination with the orally available akt inhibitor gSK2141795. cell proliferation assays have been utilized as a gold standard assay to predict the sensitivity of tumor cells to antitumor agents. However, this may not be sufficient to predict absolute efficacy in vivo. our observations in this study raise a possibility that an apoptosis assay may also be valuable for prediction of in vivo efficacy with standard cell proliferation assay. combination therapy is a common approach in cancer chemotherapy. for colorectal cancers, the standard-of-care drugs 5-fu, oxaliplatin and irinotecan are often combined (34) . those agents are known to be highly effective against actively growing cells. in contrast, jtP-74057 induces g 1 cell cycle arrest in multiple malignant tumor cells. thus, there was a concern that the efficacy of those standard-of-care drugs might be reduced when jtP-74057 was combined with them. However, jtP-74057 showed an additive effect in combination with 5-fu or oxaliplatin, and a synergistic effect in combination with Sn-38. We also examined the combination effect of jtP-74057 with these agents following sequential exposure. jtP-74057 did not show an antagonistic effect in combination when the anticancer drugs were added 24 h after exposure to jtP-74057 or vice versa (data not shown). these results suggest that JTP-74057 may enhance the therapeutic benefit of clinically used anticancer drugs.
in conclusion, we identified a novel MeK1/2 inhibitor jtP-74057 (also called gSK1120212) from a high-throughput screening for compounds that induce expression of p15 inK4b . jtP-74057 is selective and orally available. in addition, the antitumor activity of jtP-74057 appears to be superior to those of the second generation MeK inhibitors in preclinical animal models. furthermore, sensitivity to jtP-74057-induced apoptosis may be an important factor for the estimation of in vivo efficacy, and the sensitivity was enhanced by an Akt inhibitor. gSK1120212 (jtP-74057 DMSo solvate) is now being evaluated in a phase iii clinical trial against melanoma patients with B-Raf mutations (NCT01240562), and the results of a phase i study revealed that in 29 B-raf mutant melanoma patients, 2 complete responses and 6 partial responses were observed (eSMo 2010: http://www.esmo.org/events/ milan-2010-congress/news/view.html?tx_ttnews%5Btt_ news%5D=978&tx_ttnews%5BbackPid%5D=585&cHash= 86cc01353e). Furthermore, GSK1120212 is also being evaluated in a phase i clinical trials in combination with the akt inhibitor GSK2141795, the BRAF inhibitor GSK2118436, the mTOR inhibitor everolimus, the PI3K inhibitor GSK2126458 or the Pi3K inhibitor BKM120 (clinicaltrials.gov: http:// clinicaltrials.gov/ct2/results?term=gSK1120212). taken together, JTP-74057 (GSK1120212), originally identified by screening for p15 inK4b upregulation, is a promising and novel MeK inhibitor for the treatment of patients suffering from a variety of cancers.
